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This paper presents aconceptual transportation architecture designed to support future
lunar and Mars campaigns aimed atestablishing a permanent and sel§ustaining human
presence beyond Earth orbit in the next half century, as a prelude tosettlement and
colonization, with NASA playing a major role. Initially designed to support a Mars
campaign documented i nto-theA\&lAstutlyly thg HezculéssSingleS R U
Stage Reusable Vehicle concept has evolved to becomspacetransportation system that
sets a new standard fooperational flexibility and safety Referred to herein as theHercules
Transportation System the modular and flexible transportation architecture allows a
common system design that is configured to support planetary and interplanetary transport
of cargo and crew between the Earth, the moon, and Mardn addition, Hercules employs
several key design features that enable full coverage aborts during both ascent and descent
from either the moon or Mars. This paper presents an overview of theHercules
Transportation System and highlights the key design features and capabilities that enable a
operationally flexible and safespacetransportation system that supports future lunar and
Mars campaigns

Nomenclature

ACC6 = Advanced Carboi€arbon

ADS = Ascent/Descerbystem

ATLS = Abort/Terminal Landing System

ATO = Abort-to-Orbit

ATS = Abort-to-Surface

DSG = Deep Space Gateway

ECLSS = Environmental Control and Life Support System

EDL = Entry, Descent anddnding

El = Entry Interface

EXAMINE = Exploration Architeture Model for InRSpace and Eartto-Orbit
EZ = Exploration Zone, defined as 50 km radius circle with the base locatediapipe center.
HCRV = Hercules Crew Rescue Vehicle

HIAD = Hypersonic Inflatable Aerodynamic Decelerator

HMTV = Hercules Mars fansfer Vehicle

HPDV = Hercules Payload Delivery Vehicle

HSRV = Hercules Singlestage Reusable Vehicle

HTS = Hercules Transportation System

ISRU = In-Situ Resource Utilization

kg = kilograms

kibf = kilopoundsforce

km/s = kilometers per second

kN = kilonewtons
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LCH4 = Liquid Methane

LCI = Layered Composite Insulation

LLO = Low-Lunar Obit

LMO = Low-Mars Obit

LOI = Lunar Orbit Insertion

LO, = Liquid Oxygen

mt = metrictons

MCC = Mid-Course Correction

MLI = Multi-LayerInsulation

MOLA = Mars OrbiterLaser Altimeter, elevation model based on Mars Global Surveyor (MGS) data
m/s = meters per second

NASA = National Aeronautics and Space Administration

NRHO = Near Rectilinear Halo Orbit

OML = Outer moldline

PICA = Phenolic Impregnated Carbon Ablator

RCS = Reaction Control System

RPOD = Rendezvous, Proximity Operations, and Docking

RTEZ = Return to Exploration Zone

SLS = Space Launch System

SRP = Supersonic Retr®ropulsion

TCS = Thermal Control System

TDL = Terminal Descent and Landing

TPS = Thermal Protetion System

Vo = Excess Hyperbolic Speed relative to Departure or Arrival Body
Ventry = InertialVelocity atAtmospheric hterfaceof Arrival Body
v = Velocity Change due to Translational Propuldidaneuvers
°F = degrees Fahrenheit

I. Introduction

Over the past three years a team at NASA Langley Research Center has been developing a conceptual
architecture to support the strategic goal of affordably establishing a permanent ancstagting settlement

on Mars in the next half century, as a prelude toriaation, with NASA playing a major role. Employing both
NASA’s Space IShSpandemerghgecemmerail launch capabilities in this architecture, the Langley

team found that utilizing reusable space transportation systems, leveraging Marseesotihe maximum extent

through insitu resource utilization (ISRU), and developing significant robotic capabilities for autonomous
operations both on Mars surface and in Mars orbit are the keys to an affordable, sustainable campaign on the path
towardspermanent human settlement and eventual colonization.

Known as the ISRHo-theWall study, the architecturetilizes a multiphase multi-decadecampaign.Early
phases emphasize technology development and demonstration, transportation system manuotagiotonomous
surfaceand orbitalsystems operations, while follean phases focus on affordable growth of the base infrastructure
and expansion of Mars industrial capabilities to enable the base to becoswfsa#nt.

The results of the campaigstudy illustrated the impact of ISRU, reusability, and automation on pioneering
Mars. With currentSLS launch assumptionsf 2 per year with the potential for a third flight every other year
sustained presence on Maegjuiresa transition from Earth depdence to Earth independence. The study analyzed
the surface and transportation architectures and compared campaigns that revealed the importance of ISRU and
reusability in particular, when applied to a landér reusable Mars lander eliminates the neadi¢liver a new
descent and ascent stage with each cargo and crew delivery tesMastgntiallyreducing the mass delivered from
Earth over the course of a muliecade campaignAs part of an evolvable transportation architecture, this
investment is keyo sustailing continuous human presence on Marsthe far term The extensive use of the vast
amounts of water and carbon dioxide abundant on Mars, to make and repair nearly everything on planet, reduces the
logistics supply chain from Earth in orderdopport population growth at Mars. Reliable and autonomous systems,
in conjunction with robotics, are required to enable ISRU architectures as systems must operate and maintain
themselveswhile the crew is not preserBy the time the first crew arriveshe systems have been operating,
repaired, and studied for several years, with failure modes understood and solhétiieinvthe end, buys safety.
Because Mars has abundant resources available to support human life, with the extraction and sitsewatéan

2
American Institute of Aeronautics and Astronautics



Downloaded by NASA LANGLEY RESEARCH CENTRE on October 20, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2017-5288

being the fundamental Martian resource, this approach of extensive ISRU combined with a reusable lander, enables
a sustained human presemtdower overall cost than would be possible otherwise

Key attributes of the architecture include aggregatf Marsboundsystems angbayloadsa t NAS A’ s Deep
Space Gateway (DS&)reusable interplanetary transportation betweeduciar space and Mars orbit, reusable
ascent and landing systems that taxi cargo and crew between low Mars orbit (LMO) and f4aes sad a Mars
surface resource utilization system that produces, among other things, propellant for the reusable taxi. This taxi
vehicle concept, nandeHercules, is a singlstage, reusable vehicle designed to operate between LMO and the Mars
surface bse utilizing oxygen and methane propellants manufactured at the Mars base from Martian resources.

Initially designed to support this Maeschitecture angampaign, the Herculdanderconcept has evolved to
become aspacetransportation system that setsiew standard for operational flexibilitReferred to herein as the
Hercules Transportation System (HTS), tmedular andflexible transportationarchitectureallows a common
system desigithat is configured tsupport planetary anthterplanetary trangpt of cargo and crew between the
Earth, the moon, and Mars.

This paper emphasizebe design features andapabilitiesof the Hercules lander, now referred to as the
Hercules SingleStage Reusable Vehiclel$RV). Described are the HSRsbnfigurationstha support thedelivery
of cargo or crew tdhe Martiansurfaceandto thelunar surfacend includes a summary of the nominal operations
and the crew abort capabilitieot covered in detail in this paper are the design features and capabilities for the
interplanetaryersionsof the HTS namely theHercules Payload Delivery Vehicl¢dlPDV) and Hercules Mars
Transfer VehicleIMTV) configuratiors. These will be discussédiefly but detailedn future papers.

II.  Campaign andMission Architecture Overview

Key atributes of the overall architecture and campaign that are consistent with the planned apefdtien
HTS are discussed. First it is assumed that the international space station, SLS, Oridd$@rdhve all been
developed andre operatonal These cpabilities are leveraged as part of the proposed architecture, although the
affordability of the campaign igotentiallyimproved by leveraging commercial services in place of the government
owned and operated services (e.&LS and Oriorare used only a needed and commercialnch systemand
capsulesreused in some cases at lower cost). The campaign strategy proposed fopresestheHTS asthe next
development step following tHeSG.

A. Campaign Overview

The ISRUto-theWall study proposed a fourhpse campaign oducted over multiple decadeghe initial
phasePrepare advances the technologies and builds systems to enable sustainable human exploration. This phase
would also contain missions to local bodies (e.gluisr space) to develop, prownd sustain needed capabilities.
The Found phase would begin with the first human landing on Mastablishing the initial human presence on
Mars and emplacinthe necessary hardware and infrastructursutstain ehuman presence on Mars. Thgpand
phase increases the infrastructure on Mars to support a larger population and longer stays. Utilizing the
infrastructure initially emplaced during tik@undphase as well as additional capability to utilizesitu resources,
crew size can increase while egice on Earth resources can decrease. Finall\subinphase maintains a large
human presence on Mars through extensive usesifurresources, automation, and reusability to explore and settle
the planét

The HTS supportall phases of ls campajn strategy, including anjunar missionsaimed at the economic
expansion of the moon

For thelunar campaign the HSRV is delivered by the SLS to the DSG, assumed|doabedin a Near
Rectilinear Halo OrbitN\RHO) around the modf Propellant resupplyia commercial launch at the DSG allows
the HSRV to demonstrate its reusability and other attributes (modularity,atipeal flexibility, safety, risk
mitigation, etc..) at the moon to buTheHBEBWcauldalsossérvasther t he f
work horse for the setup of a lunar base not only necessary for Mars preparations but also for commercial ventures
requiring repeatable and affordable sorties to the lunar surface.

For the Mars campaign thaitial HSRV landingswould be uncrewedpftusing on delivery of critical payloads
for the surface infrastructurg a Mars baseThis includes landing, autonomously deploying, and initiating power,
thermal, habitation, mobility, #situ resource acquisition and processing, and propellant produatid storage
infrastructure. The reusabSRV( di scussed in detail below), operating
these early flights to build system maturity and reliability on its way to being huatat. The expended lander
hardware elments, designed to be modular and rriuitictional, are reurposed for use as part of the base
infrastructure. Once a functioning base that is generating propellant is established, the campaign will transition into
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a buildup phase where reusable systdmesome operational so that the base can grow affordBbtyveen the
initial interplanetary cargo delivery (using thPDV) flights and HSRV flights flown in thePrepare phase,
multiple aerocapture and entry, descent, and (precision) terminal landindewvélloccurred at Mars, significantly
increasing the maturity and reliability of the vehicles prior to the first crew lan#ingt. crewed missions the
Foundphasebegin when sufficient infrastructure is deployed and operating with sufficient madaeritgnstrated to
enable crewed landings with maximum safety provisions.

B. Transportation Architecture Overview

For early lunar missions, the HSRV can deliver up to 20 metric tons (mt) of cargo or a crew of 4 to the lunar
surface from the DSG where Herculesasupplied from Earth with cargo and propellants. In addition to providing
large cargo and crew delivery capability to the moon to support the lunar campaign, these missions offer an
opportunity to demonstrate key operational capabilities in the lunaroement that are needed to support the
future Mars campaign. Among these is the abort capahitigre anorbital Hercules crew rescue vehicle (HCRV),
based at the DSG and derived fronpreposed HSRYV systemis, docked at the DSG and readied for anyratm
orbit event that occurs during lunar descent or lunar ascent. In this case the HCRV is loaded at the DSG-with Earth
supplied propellants and is capable of transferring from the DSG ttutmaw orbit (LLO) to rendezvous with the
crew stranded itunar orbitand return them safely to the DSG.

After some period of time supporting thenar campaign and demonstrating the operational capabilities required
for Mars, the initial phase of the Mars campaign starts. For interplanetary cargo transfers tth&tBDV
configuration delives up to 4060 mt of cargo to LMO using a minimum energy transfer with an aerocapture at
Mars enabled by utilizingreatative thermal protection system (TPS)

At Mars, an orbital node is proposdlat functiors as a key agggation point for the architectuie Mars
sphereof-influence This node delivered by the HPDVwould be located ira 500 km circularLMO at an
inclination that offers access to the selechatesite The node provides multiple docking ports and offers
autonomous or seraiutonomous robotic ispace assemblynd servicingcapabilities intended to 1) construct and
maintain the node; 2) facilitate capture, berth and dock of incoming vehicles; 3) facilitate transfers of payloads
between theHPDV and the HSRYand 4) facilitate propellant transfers from the HSRV to various vehicles at the
node orto the node itself. The LMO node serves as a crew transfer port, both for arriving and departing crews. The
LMO node itself will require some habitability to enabihe tcrew rotations, but the node is not intended to support
crew for extended periods. If long duration crew habitability is required at the node due to emergency
circumstances, for example, the crew would occupy and depend on the dockedsvyehidfer the functims to
keep them safe and alivlt.is expected that an orbit!l CRV, based at the nodend derived from r@urposed
HSRYV systemsis available in the event that an abtwrorbit occurs during entry or ascent and the crew was unable
to return allthe way back to the node. The orbit#fCRV would transfer to the stranded crew vehicle, rendezvous
and dock with it and return tteewback to the node.

Due to its close proximity to Mars, the node would be gravitationally stabilized and require npnipellant
for orbital attitude and maintenance. Selection of LMO, specifically a circular LMO at 500 km, for these functions
minimizes theDV requirements on the HSRV (relative to an as¢eribnger period ellipticabrbits). The systems
arriving from Eath require the capability to access the LMO node. This places more performance burden on the
interplanetary transportation systerhwever, sinceghe HSRYV is reusable and is expected to operate between the
surface base and the LMO node twice per Eartr, yandthe HPDV arrives at the node less frequently, perhaps
only once per synodic cycle (2.2 Earth yeac$oice of LMO is favorableAlso, once the HSRYV is fully operating
inreusable modé e wer interplanetary miss i o thus ratlecihnghe perfoimance n e w
burden on the interplanetary transportation systems.

For interplanetary crew transfers to Mars, HTV configuration delivers a crew of 4 to LMO using aB20
day fasttransit transfer with an aerocapture at Mars. fasisit transfers between Earth and Msignificantly
reducethe crew exposure to galactic cosmic radiation and-gexaity relative to minimum energy transfdafsat
typically range froml80-300 days duratiarBoth of these interplanetary configurationpale from the DSG where
propellant delivered from Earthor extraterrestrial sourcefotentially using commercial launch systems) is
resupplied to the vehicle along with crew and/or cargo.

At Mars, the HSRV cargo configuration delivers 20 mt from LMO te Mars surface base, refuels on the
surface with Mars produced propellants, and returns to LMO delivering 5 mt of propellant to the node. The HSRV
crewed configuration delivers 4 crew from Mars orbit to the surface base, refuels on the surface, anib tbirns
low-Mars orbit with 4 crew and 4 tons of propellafihe propellant delivered to the node is in addition to propellant
retained on the HSRYV to allow return to thartian surface and can be aggregated at the node for use in refueling
interplanetarytransfer vehicles returning to Earth.
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C. Mars Surface Architecture Overview

For conceptual design and planning purposdmsesurface site is selected that offers key resources to support
the development of a Mars surface settlem€atledan ExploratiorZzone EZ) with a diametenf 100km, NASA
has identified up to 50 candidafZ sites on Marsthat may offer habitability and resources suitable for sustaining
human presence as well lasingvaluable for scientific discoverylhe first Human Landing Sit&/orkshog tapped
into leading experts in exploration and science to evaluate regions of Mars as suitable for the first crewed settlement.
Of those, Deuteronilus Mensascored well and was therefore selected assthéacesite target §eeTable 1) for
this study Key among the favorable attributes of Deuteronilus Mensea is that ice resides close to the surface and it is
less susceptible to dust storms.

Table 1. HSRV Landing Site Target

Mars Landing Site Deuteronilus Mensae

Mars Latitude 43.9 N
Mars Longitude 23.60E
Elevation relative to MOLA -3.7 km

Conceptual layout of the base at the surface site is shown in FiguRelative placement of the various
functional zones is driven by the desire to minimize risk to the base during launch and lgpeliations.

Surface habitation that is protected from galactic cosmic radiatiemptaced prior to the initial crew arrival.
Several habitation concepts are being explored that minimize spacecraft volume by using inflatable, deployable
structures andeduce landed mass by accessing in situ resources such as regolith and water.

Habitation Science

Water

Industr
Y Resources

Due-East

Launch
La unc h :> Departure

—> Mobility
— Power Transmission

Due-East
W E Landing
Approach

S =————4 landing

Figure 1. Base layait concept at Mars settlement

The HSRV's nominal operations at Mars include loading propellants produced at Mars at the surface base,
launching tothe LMO node to pick up cargo or crew, and landing bactha surface base to offload the cargo. In
terms of the Mars surface architecture, key infrastructure required to support the HSRV operationssndiackes
power systemsthe propellant production plantobile cargo offloadig equipment, a launch fdity, a separate
landing zone, and mobility equipment that can transport the HSRV from the landing zone to the launch facility. In
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addition, systems for autonomous inspection and maintenance are needed to verify the integrity of the vehicle prior
to launch

The propellant production plant is located in an industrial zone adjacent to the launch facility. The plant includes
fixed and mobile infrastructure for resource acquisition (water and carbon dioxide), propellant manufacturing,
liquefaction, propellant terage, and propellant transfer. The entire base, including the production plant, are
supported by the power system infrastructure.

Offloading cargo from the HSRV payload bay requires some form of hoist or lift that can handle the 20 ton
payload in Mars gavity. For the initial flights in th&reparephase of the campaign the HSRV is netised; rather,
the sectiors of the vehicle are fpurposed to support the base infrastructure and campaign. The HSRV design
allows the sections to separate and be tratepdy the nossectionfor precise positioning. For example, the first
flight may deliver a nuclear power system that is located in a remote zone relative to the other base zones (i.e.
habitation, industrial, launch, and landing zones). However, ttenaand descent sections of the HSRV are re
purposed to the industrial zone to serve as a propellant storage facility. Thus, the landing will initially target a
landing location to position the tanks sections, ttenose and payload sections containthg power system
separate and are relocated to the power msitg) the nose sectignobility system(described in Section I1I)

The launch zone is located such that the ascending HSRV does not fly owdrtheybase zones. Ideally, the
launch zone haa prepared pad that mitigates the risks associated with surface ejectaatketongineplumes at
engine starfor Mars ascent

The landing zone is located2Lkm south of the launch zone such that the arriving HSRV, coming in from the
west, does nodverfly the base. Despiexpectations of @recison landing capability the choice to have separate
launch and landing zones is to minimize the risk to the base for a missed landing. This drives the need for mobility
systems that can transport the HSRdM the landing to launch zones.

Given that the HSRV isreusable, mobile robotic systems tlugterate autonomously are neededpésform
inspections and maintenandaitial operations at the moaallow demonstration and development of autonomous
roboticcapabilities for ser vi ci,wheretheyacahe operateadiserdutonomauslys t r uc t i
Over time autonomy of the robotic systems is proven, thus buying down development and operational risk for the
Mars campaign.

As a contingency durmHSRY flight operations, an additiondCRYV is based at the launch sit®nsisting of a
space nose section from a previougpueposed HSRVResupplied for every launch and entry evenh, i s  “s ur face
HCRYV is on standby in the event of an akorsurfae eventby the HSRV The HCRV is designed to have
roundtrip hopping capability from the base to any point in the-BBB km in any direction from the surface base
enabling crew rescue for any abtwtsurface event within the EZ.

Likewise, forlunar misdons, a surface HCRYV is docked at the base and readied for anyt@bortace event
that occurs durindunar descent otunar ascent. In this case the HCRYV is loaded at the base with-gigpfiied
propellants and is capable of hopping from the baseod®® km and back to retrieve the crew stranded on the
surface. In this scenario, propellants are maintained on the HCRYV for extended periods to ensure availability of the
HCRV. The approach for this will be described in detail in a later section of fex.pa

lll.  HerculesTransportation System

The HTS is a set of vehicle configurations derived frittea common Herculesouter moldline(OML) that
supports a range of missions between Earth, the moon and Mars. The primary variatimieshe following and
are slown inFigure2:

Hercules Singé&tage Reusable Vehicle (HSRV)
1 Mars Cargo
1 Mars Crew
9 Lunar Cargo
9 Lunar Crew

Hercules Payload Delivery Vehicle (HPDV)
1 Interplanetary Cargo

Hercules Mars Transfer Vehicle (HMTV)
1 Interplanetary Crew
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HPDV —
INTERPLANETARY
CARGO

HMTV —
INTERPLANETARY
CREW

Figure 2. HTS Cargo and Crew Configurations supporting Lunar, Mars, and Interplanetary Missions

The OML designfor theseoptionsis based orthe HSRV configurationdesigned for aerodynamic entry and
launch at Mars. The HSR configured for vertical takeoff, mid |#b-drag (midL/D) nose entry and vertical
landing, supported by 1 andiaftgectibnsThesHSRWIgH.0metess diametér arfdr o m
19.2 meters londrom the nose to the engine exit plaable 2 summarizes the aerodynamic design parameters for
the HSRV.

Table 2. HSRV Aerodynamic Reference Data

OML Reference Diameter, 5.99
Aerodyramic Reference Length, 17.83
Aerodynamic Reference Area? 28.18
Lengthto-Diameter 2.98

One of the primary motives fooafiguring the HSRV as a mid/D, noseentry vehicles to allow it to package
within SLS’s 8 faifing fare Harth daundhi @tler key design considerations include the proper
location of the center of gravity for both Mars entry and Mars ascent and the proximity of the payload to the surface
(affectsease of payload offloading). Balancing these constraints andhdssidputes lead to the selected dedign
the Mars cargo and crew configurations.

The following subsections describe each of the configurations, focungiiad)y on the HSRV configurations for
Mars and then discussintipe lunar andinterplanetaryconfiguratiors relative to the HSRV in terms afs
functionality andwhat is differem, changed or modifieth the design configuration
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A. HSRV —Mars Cargo and Crew Taxi

TheHSRV concept is a mukfunctional, modular, operationally flexible, singdtage, eusable vehicle designed
to operate between LMO and the Mars surface base utilizing oxygen and methane propellants manufactured at the
Mars base from Martian resources. Its primary function is cargo and crew transport between LMO and the Mars
surface base.

The subsystendesign and layout of the HSR¥ driven by the desire to reduce or eliminate key programmatic
and technical risks and to maximize crew safetyplementation of this design philosophy results in the majority of
the initial Preparephase othe campaign being uncrewed and relying heavily on autonomous robotic sygtemss.
addressed through the HSRYV configuration design include:

1) SLS Launch Shroud Packagindits within thebaselineB.4 meter shroud;

2) Backshell Heating design protect payoads from heating with an aeroshell enclosure

3) Surface/Plume Interactionsurface ejecta risks to vehicles and surface systems minimized;

4) Engine Deegl hrottling— limit the required level of throttling for engines systems to 50% for landing;
5) Engine StarCriticality — providecontingencyabort option for failed retrpropulsion engine start;

6) Crew Abort/Recovery enables crew abort and safe recovery during all phases of HSRV operation.

A common design choice used for all sections ofMlaes HSRV arethe primary structure and entry heat shield.

All primary structures are earbonfiber composite material with a 358 temperature limit. For the heat shield a
durable and reusable advanced carbarbon (ACC6) hot structure TPS is used. Each TPS panetdhanically
attached to the composite structure. Each panel consists of an outer

ACC6 layer with layers of opacifed fibrous insulation (OFI) at

Nextel blankets providing the resistance to aerodynamic hé&afing

common panel thickness is used that is ckifer the worst case

heating location on the HSRV. Nominally a panel consists of 0

inch thick ACC6 over 0.45 inch thick OFI, with a 0.02 inch thic

layer of Nextel.Due to manufacturing limitations, the maximur

panel size (length and width) is limited bne meter. The majority

of the vehicle’s cylindrical d by
panels, while custom sizes are required in closeouts and in the
section.This approach, using a common panel thickness over
complete vehicléincluding the lackshell) minimizes the number of »
unique TPS panels required. For aerodynamic entry from LN
maximum external wall temperatgrapproach 2400F, well below
the 2900°F maximum reusable temperature limit the ACC6 hot
structuré.

A key design choicéor the HSRYV isto utilize two sets ofnain
propulsion systems, with five (5) ascent/descent system (Al
engines on the vehicle base and eight gBprt/terminal landing
system ATLS) rocket engines in the nose section. The uniq
positioning of the ATLSocket engines in the nose sectgives the
HSRV a high degree of operational flexibility and a means
address the risk and safety issud®minally, the ATLS rocket
engines are used for terminal landing of the HSBR¥ illustrated in
Figure 3. This pakaging approach reduces the hazards to
surface infrastructure due to surface ejecta blast from the ro
plumes and eliminates the need for deep throttling of the- bi
mounted descent engindsanders usin@ single engine system fo
retro-propulsionand terminal landindgypically require the engine
throttle to 1620% maximum thrustBy using a secondary syster. ; ;
for termingl landing, both the.ADS anq ATLS enginegue only ;:gunrgsi' si%':i?(:; rlr?(r)lg:\r:gd CX]TL,\ga:lg?nségs
50% maximum throttleAlso, in a contingency, the ATLS rocke.
engines serve aan abort system that separates the nose section during an unlikely catastrophic vehicle failure
during ascent or entry.

All of the configurations employ a common propellant architecture using liquid oxyges) @r@d liquid
methane (LCH) for all propulson systems including the ADS, the ATLS, and the reaction control system (RCS).
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The systems are interconnected and allow propellants foubgped from tank to tankorward or aft, as needed.
Also, all tank pressurization gases are derived from the mapelaats, thus eliminating the need for helium which
is not available in sufficient quantities on Mars to support the HSRV.

As illustrated inFigure 4, anominal missiorprofile starts with the loading of Mars produceebpellantsonto
the HSRVat thelaurch site. Once loaded, the HSR¥¢cends to LMQOthenrendezvous and docks with the LMO
node On-orbit operations include transferring propellants from the HSRYV to the node and either transferring cargo
from the node to the HSRV, or rotating a crew compldaniBime HSRV then undocks, separates and positions itself
for deorbit. Following the deorbit burn, the HSRV performs an aeroentry, transitibmssupersonic retro
propulsionusing theADS engines on the vehicle bafe terminal descenthen transitionso the ATLS enginesn
the nose section fderminal landingWhile docked ¢ the LMO node, power and comsables are provided by the
node, thus the HSRYV is designed oy 12 crewdays of operation.

P
MARS
W-

Propellant Resupply from Mars
Propellant Production and
Long-Duration Propellant
Starage Infrastructure

Landing in Designated
HSRV Ascent from Landing Zone
Prepared Launch Zone

Nominal EDL

1)Body Flap Aero-Control

2)Supersonic Retro-Propulsion
3 Day Mission — Launch to Landing 3)Terminal Landing System

Mobility system relocates
HSRV to Launch Zone

De-Orbit

S = -

Automated Rendezvous & l On-Orbit Operations
Dock with LMO Node 1) Transfer 5 t propeilant from
o HSRV to node
2)Transfer 20 t payload from
node to HSRV

Figure 4. HSRV — Mars Concept of Operations

In the cargo modehe HSRVis designed to deliver 2@t payload from LMO to the surface and then ascend
back to LMO using propellant produced at the baitbout payload but caring up to 5mt of additional propellant
that is used to resupplgssets aggregateat the LMO node In the crew delivery mode a% mt crew capsule
supporting 4 crew is included in the nose sectionianded for both ascent and entand up to 4 mt of propellant
produced on Mars igesupplied to the nod&he crewcapsules designed to be separalilem the nose sectioand
is used in the event of a catastrophic vehicle failure during Mars ascent or entry to safely recover the crew by abort
to-surface or aboito-orbit.

The vehicle is divided into 4 sections:

1) Nose Section;
2) Payload Section;
3) Ascent/Descent Section.

Each of tlese sections are separable and serve multiple functions in the architecture. For early demonstration and
base infrastructure buildup flighis the Preparephaset he HSRV is “expendable™, wit h
purposed to operate as part of thesebanfrastructure. Once the Mars base infrastructure required to enable
reusability of the HSRV is deployed and operating with
reusable mode and these sections no longer separate.

The following sibsections describthe design okach of the HSRV sections along with the key capabilities,
including nominal, contingency and-pairposedperationsenabled through the modular design.

NoseSection

The nose sectiodesignfor both the cargo or crew vantsincludes structures and mechanism@as external
TPS the ATLS tanks, feed and enginethe RCS a power generatioand tank pressurizatiosystem;and the
vehicleavionics systems.

The nosdayoutis a 60 detgespherecone that transitions to a aytirical shell. A retractable door, located at
the tip of the spherical section, exposestandardizednechanical docking systénfor docking to the DSG, the
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LMO node, or to other vehicles. The base of the nose section includes a conical structurattzatagipports the
ATLS tanks. For the crewed configuration onéycrew capsule, suspended from beléasvmated to this adapter
connecting it to a pressadd tunnel, linking it to the docking pothat enables the crew to egress/ingress the
capsule anthe HSRVin zercg. For the cargo configuration the capsule and tunnehareequired

Four ATLS propellant tanks (two each L@nd LCH,) are packaged in the nose. Thepéericaltanks, each 2
meters in diametegre composite structure astbre propdants at500 psia These tanks feed propellants to both
the ATLS enginesscarfed into the cylindrical shell structuesnd the RCS thrusterscarfed into theonical section
of the spherecone.Eight pressurded ATLS engines are installed in the nosetisa (four sets of two engineis
redundant paijsoriented 90 degrees apartd installed at a 30 degree cant angle relative to the veptimabing
retro-propulsion for terminal landing, while twelve RCS thrusters (fows @kthree thrusters) providthrust for on
orbit, deorbit, and entry attitude control. Specification of the ATé&/®jineand RCS thruster desigrarameterss
shownin Table3.

The nose sectioimcludes two powergeneration and tank pressurizatgystens that support thentire velicle
during ascent, corbit, andEDL. Each system uses amernal combustion engine (ICE) burniggseousxygen
and gaseouamethanedrawn from the ATLS tankseach producingup to 40 kW of peak power (at 1008GE
throttle) for short duration peak eleatal loads. At idlegachlCE continuously provides 3 kW of electric power for
the vehicle, consuming ullagend boiloff gasesat low rates.The ICE is also used to generate pressurization gases
for the ATLS and ADS tankson demand, from the liquid profeshts using the ICE cooling loop to heat and
vaporize the liquid propellant3his system is similar in form and function to the Integrated Vehicle Fluids (IVF)
systemin development at United Launch Alliarfféé but using oxygen and methane rather thagger and
hydrogen.

The nose section of the HSRV is itself a miutnctional vehicle designed to provide operational flexibility. The
nose section is essentially a separable spacecraft that serves multiple functions. For the cargo configuration, during
the demonstration and infrastructure buildoqssions of thd’reparephases, the nose sectisnused as a surface
mobility system to relocatandbr preciselyposition payloaddy lifting and flying them from one location to
another For the crewed configutian the nose sectioof the HSRVcontains a 5.5 mt capsule (also separable) that
serves as the cockpit for both EDL and ascévhen repurposed on Mars surface and resupphligth Mars
propellants, the nose sectiaalso used as a crew rescue vehias hops from the base to recover the crew from
an abortto-surface within the EZ, or as an exploration hopper vehicle within the EZ able to access locales that are
inaccessible witlsurfaceroving vehicles.

As noted abovethe modular construction ofélHSRV allows theéose section anckew capsule to be extracted
to safety at all points during Mars entry or ascent and recovered byGRY systemsre-purpose from the
separable nose design. For aHorsurface scenarios the crew capsule utilizes abawetion of recovery system
technologies including a hypersonic inflatable aerodynamic decelerator (HEABYpersonic parachute, solid
propellant retrerockets, and airbags or
crushable materials to land safely. No oth
Mars launch or landing architeceuknown to |
the authordas this capability.

PayloadSection
The myload section is a cylindrical

composite structure that contains up to 20 |
of cargo. The section & meters tall wth a 59
meterinner diameterDoor dearance is 3.75 x
5.25 meters.

In the initial demonstration rad
infrastructure buildup phasé€Preparg, the
payload section can be separated and precis
positioned when using nose secticFigure5. HSRV payl oad operations
capabilities.This is particularily useful for re scenario where payload bay is separated using nose sect
locating and positioning a nuclear surfaand reusable scenario where mobility equipment is availak
power system. This also enables easef- for cargo offload.
offload for much of the initial infrastructure
including the delivery of key payload offloading and ground mobility systems required for the reusable Hercules
used lateras illustrated in Figure. ®ptions for this offbading system include delivery of a mobile lift vehicle with
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a large scissors jack for lowering payloads to the surface; or a payload section mounted crane/hoist to lower
payloads or crew.

Additional options under consideration for the infrastructure dopil phase include either converting the
expended payload sectiotts habitable volumes or outfitiy themto serve asurfacehabitats.

Ascent/Descerfection

The ascent/descent section includes the ascent propellant tank and feed system; a desdent {auopeind
feed system; the ADS rocket engipas aft engine bay with thrust structutbe body flap and actuation system;
and the landing legs.

The ascent tank is a common bulkhead (CBH) design integral with the HSRV OML, designed to carry not just
internal pressure but external compression and bending loads imposed on the HSR\grduwrigandflight
operations From Earth the ascent tank is launched emiitys Earth launch loads do not drive thescenttank
design.The compositeank is 7.25 metes tall with a5.9 meter inner diameter storing LGl the forward tank and
LO; in the aft tank, both &0 psia. Propellants are loaded and stored at normal boiling point cond8ians. the
ascent tank is delivered to Mars empty a layered compositaiimn (LCI) is used to provide resistancehtating
during the storage of propellants on Mars surface. LCI is preferred for soft vacuum applications such as on Mars
surface where atmospheric pressure is betwieg6 torr'l. In addition,a system obroad area cooling tubemre
installed between the tank outer wall and the LGt &re not used in flight. Rather, this system is connected to a
ground system that provides the cryocooling needed fordamation storage oMars surface, thusninimizing the
mass impacbn theHSRYV for long-duration storagbardware (cryocoolers, power systeand radiatosystem)

The descent tankdose propellant for théars atmospheridescent phase. Choice to use dedicated tanks for
descent, as opposed to using the lageent tank to store both ascent and descent propellants, is to reduce the risk
of failed engine start during the criticalipersonic retrpropulsion SRP engine ignition event by providing a
smaller set of tanks that are full. In contramtsingle tak system designed for ascent and deseemtld be
approximately5-10% filled at SRP initiation. Given the dynamics of thehiele at that point in flight (i.e- the
vehicle isre-orientingand experiencing external acceleration loads due to atmosphagjadd the timecriticality
of the SRP event, the risk that the propellngasolid woul d
slug of fluid is available to the engines for start, is rathgi.hThus, the choice to use a separaterasred descent
tankses wasbaselined in the design.

The descent tank system includes four spherical fawkseach for the LClHand LQ. Thesecompositetanks
are 1.8 meters diameter and store propellant8(apsia Like the ascent tanks, propellante atored at normal
boiling point. Since the descent tanks remain full durargital flight phasesmulti-layer insulation (MLI) blanket
are usedLike the ascent tank desighroad area cooling tubes are mounted on the tank beneath the Mld, and
separat cryocooling systengan beconnected to the broad area cooling system to providedaorggion storage
capability. For the interplanetary transfer phases, for exammejocooling system bookkept as parthe payload
provides the systems necessaryetsure descent tank propellants are properly conditicddadMars surface a
ground system provides the cryocooling functionality.

The ascent and descent tanks, along with the ATLS tanks, are interconnected to provide an additional degree of
operational flgibility. Propellants can be transferred from tank to tank to provide some center of gravity control, but
also to allow propellant scavenging, circulation, thermal conditioning, and to move propellants for specific
maneuvers

The ADS includes five L&LCH4 pumpfed (gas generator cyclepcket enginesgach delivering~55 kibf
(~245kN) at a minimum specific impulse of 360cemds These engines are sized for 2.5tEar g’ s ma x dur i n g
assuming 70% throttle. Sizing to this criteria ensures adequatellpm@and thrust reserves for precision landing.
Table3 highlights the ADS engine design parameters.

The descentanks and enginemre mounted in the aft bayhe aft bay, made of composite materials, support the
descent tanks and include tB®S engine lirust structureThrust loads are transferred from the engine thrust
chamber mount through this structure to the OML of the aft bay.

The body flapaerosurfaces are mounted on the external surface of the aft bay. These flaps are neagyped
180 degreearound the windward side of the vehicle and are the primary system for trim aneratoyencontrol
during entry. The flaps are installed on the aft portion of the descent section in order to maximize the moment arm
of the flaps, but also tgrotect the emines from entry heating similar to the Space Shuttle orbitae
electromechanical actuation system, powered by the ICE, provides the flap deflection control.
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Finally, four deployable/retractable landing lec
are used at landing. The legs are mountedthe
exterior of the OML When retracted, a stabilize
mounted on the landing leg strut provide
aerodynamicstability during atmospheric flight. An
electromechanicalcauation system, powered byeth
ICE, provides the means to deploy and retract 1
landing legs.

In the initial demonstration and infrastructure
buildup phasdPrepare, the ascent/descent sectiol
is repositioned from the landing zone (usin I
surface mobility systems) and -peirposed as a
long-duration propellant storage faciligs part of
the insitu propellant production infrastructurehis
is illustrated in Figure 6Alternative ideas for re
purposing include repting the ascenttank system
wit h a habitat thes duréatel
Additional subsystems and logistics delivere
sepaately could be assembled with the habitat
form a fully-functional surface habitat.

In the later campaign phasésound Expand,
and Sustaihwhen the HSRYV is fully reusable, the¢ )
ascent/descensection is loaded with popellant Figure 6. HSRV ascent/descent__sec_:tlon repurposedl
manufactured at the baseof Mars resourcefist Mars as a propellant storage facility in support of the in
prior to flandghot”. rElsiusp pSity propellant production infrastructure.

places the burden for lorduration thermal
management of cryogenic propellants on the ground system infrastructure.

B. HSRV —Lunar Cargo and Crew Taxi

The HSRV configuratiossuportinglunaroperationautilize the DSG ashe primary aggregation node. Once an
HSRYV isdelivered to the DSG using the SliSe HSRV is then resupplied with payload and propellants from Earth
using a combination of SLS and commercial fliglftéote: Thisassumes that the capability to store and distribute
LO, and LCH, propellant is added to the DSG as an evolution of the system as currently envisieniéidstrated
in Figure7, once readied for thRinar landing missionhe HSRV undocks and depatte DSG, transferring first to
low-lunar orbit (LLO), then deorbits and descends to the landinglitee HSRV remains on the surface longer

anding in Designate

- 4 Landing Zone
HSRV-Cargo

Ascent from
Launch Zone

DSG Aggreqation Operations HSRV

1) Payload (20 t down payload or 5.5t
roundtrip payload)

2) Propellant Resupply from Earth via SLS and
Commercial Launch (TBD Launches)

Nominal Lunar Landing
1) Retro-Propulsion
2)Terminal Landing System

De-Orbit

LLO

Return to DSG for Servicing,

3 Day Mission — DSG Departure to DSG Inspection, and Reuse

Arrival

Figure 7. HSRV — Lunar Concept of Operations
than a day or two, thd SRV requirespower from thdunarbase.Cargo is offloadecdndbr crew istransferredcprior
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to HSRV ascentAscent from thdunarbase first targets LLO, then from LLO the HSRYV transfers back to the DSG,
performing rendezvous and docking. While aggregating at the DSG the HSRYV is inspected, serviced, and prepared
for reuse either autonomouslyravith the aid of crew based at the DSG

Relative to the HSRV Mars configurations, the HSRY Lunar design requires just one of the five ADS rocket
engines and associated thrust struct&iace the recurringdSRV — Lunar mission operatesolely in the acuum
environmentetween the DSG and thenar surface the ACC6 TPS system is not requiredr is the body flap or
actuation systemMLI is neededto resist heat leaks into the propellant tanks, including the ascent tank ,system
during the mission. Wil at the DSG the HSRV is resuppliedth propellants over a long period, thus a long
duration storage solution is required. Thus, the HSRV design for the moon, like the Mars configuration, requires
broad area cooling tubésstalled between the MLI arttie tank structure to intercepieatleakswhile at the DSG.
This assumes the DSG provides power and heat rejection capabilities along with a cryocooling system that can
interface with the HSRV tank system.

For the crewed configuration, the capsule is reglasth a hopper hatat planned for use on Maiis the
HCRV. This halitat is oriented such that the crew israling during launch and landing and offers views of the
surface to allow crew to fly the vehicle manually.

C. HPDV - Interplanetary Cargo

The primay function of he HPDV is interplanetary payload delivery from the DSG to Ldhg a minimurn
energy transfer, with Mars arrival\of 3.8 km/s équivalent to inertial entry velocity at Mars atmospheric interface
Venry Of 6.2 km/s) The HPDV configurationdesign, discussed belowffers large payload volume and increased
delivery capability relative to the HSRV. Specifically, tgpp60 mt of cargo(either a monolithic payload for the
LMO node or three 20 mt pallets destined for Mars surfaoe)ackaged ian extended payload bélyat replaces
the ascent tank.

Alternatively, the HPD\potentiallyoffers the following functional options for the campaign:

9 Utilize the HPDV to deliver 20 mt payloads to Mars surface that do not fit within the HSRV payloadevolum
For this optionthe HPDV, unlike the HSRV,cannot return to LMO from Mars surface, thus the HPDV
sections would be rpurposed following landing.

1 Utilize the HPDV to returnnearly 10 mt of cargo to Earth if resuppliet the LMO nodewith Mars
propellant.

1 Utilize the HPDV to demonstrate EattiirMars fasttransits with aerocapture at Mars. For this option up to
10 mt of cargo is delivered from the DSG to LMO node with Mars arrivab#¥6.9 km/s (equivalent to
inertial entry velocity at Mars atmospheric interfacgqyof 8.5 km/s)

Key configuration differenceselative to the HSRV include the extended payload bay (replacing the ascent
tank), and lte descent tanks are stretchedtovide the requisite performance for a minimum energy tkéas
insertion (TMI)with the 60 mt payload

One ADS engine is required for all functional operations except Mars landing. If the HPDV is expected to land
large volume payloads, five ADS enginare installed and used for SRP.

Power and thermal control services are packaged in a backkadairing located outside of the OML, covered
by TPS(see Figure 2)The fairing doors open following DSG departure and close prior to Mars arrival. Ttessys
provides power generation (via deployable/retractable solar arrays) and heat acquisition and rejection (via
deployable/retractable radiators) during the-B80 dayminimumenergy interplanetary coast, reducing the burden
on the ICE system.

Since theheating environment for aerocapture exceeds the capability of the ABGa&he hot structure heat
shield is replaced with a phenolic impregnatadbon ablator (PICAYlesigned for fastransit aerocapture arrival
This ablative TPS system presently offarsingle use, so for early flights the HPDV isprgposed as part of the
either the LMOnodeor on the surfaceHowever, developing a reusable TPS system that can withstand the heating
environment for the fagtansit aerocapture arrival is hightiesirdle. While at the node, the PICA heat shield is
autonomouslynspected and evaluated for muie capability.

Re-purposing ptions include

9 Utilize the nose section as the HCRV based at the LMO node, retrieving stranded crew -io-abiott

scenarios.
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1 Utilize thecompleteHPDV at theLMO node to provide power and thermal services, storage tanks for Mars
propellants delivered by #HSRV, aml volume for logistics storage.
1 Utilize the HPDV toconduct Mars entry flight demonstrations

D. HMTV —Interplanetary Crew Taxi

The HMTV is designed fofasttransitinterplanetary crew transfer from the DSG to LMO using aerocapture at
Mars arrival.

Key design differences relative to the HSRV include

1 Replacing the nose and payload sections with a transit htiatastuppors a crew of four for the 9020 day
fasttransit transfe(see Figure 2)

1 Adding the power and thermal control services backpack, similar to the HPDV, to provide power generation
and heat rejection during the interplanetary coast.

1 Replacing the £C6 hot structure with PICA system designed for-feetisit aerocapture arrival.

Risk and safety for crew aerocapture is matured throughout the campaign, with several aerocapture flight
demonstrationsat both minimum energy and fast transit arrival e&les, occurringprior to the first crewed flight
to Mars.

IV. HSRV Nominal and Abort Performance and Sizing

The flight performance and sizing for the HSRV Mars hmdhr configurations for both the nominal mission and
for the various abort scenarids preenied in this section Subsections discussing nominal flight performance
highlight the reference trajectory assumptions and present results illustrating the variation inDi¥esigkey
vehicle sizing parameters. Subsections on sizing present the resulting dry and propellant massessifethe as
vehicle, but detailed assumptions are limited to those key to understanding the HSRV abort system capabilities.
Finally, subsection®n abort capabiliteb r i ¢ f1 y hi ghli ght the HSRV’s abort ¢
ascent and EDIflight operationsFlight performancdor each scenariand capsule desigtetailsare not discussed
herein, however. Instead, these detatlsp ] anned for a future paper focusing
capabilities.

A. HSRV —Mars
This section discusses the nominal and abort performance and sizing of the HSRV supporting the Mars cargo
and crew configrations.

Nominal Ascent Performance

A sensitivity study to assess the ascent performance of the HSRV from the Mars surface site is performed using
a reference trajectory model the Program to Optimize Simulated Trajectori®©8T3'?. Accounting for the
actual elevation of the Deuteronilldensae site (3.7 km below MOLA) and ascending to a 100 km by 250 km
insertion orbit inclined 43.9 degrees relative to Mars equator, the variation in Bstaatthe initial vehicle thrust
to-mass varies shows the optinia¥ exists around . 75 Earth g’ s. Since the engine
the entry trajectorand the ascent launch mass from Mars surface varies depending on whether it is acargw or
launch, the curve illustrated in FiguBas used in the sizing process to ensure sufficient propellant is available for
either case.

Additional maneuversare required during ascent to rendezvous with the LMO node. A 92.5 m/s burn transfers
the HSRVfrom the insertion orbit to an intermediate 250 km by 500 km orbit, then a 55.4 m/s burn circularizes the
vehicle at 500 km. An additional 25 m/s is reserved for phasing, rendezvous, proximity opgaatiotacking.

Nominal EDL Rerformance

In order tounderstand the sizing influence of ballistic coefficient on thely s for EDL, a POST2
trajectory is usedin this reference trajectory the debitDV. i s det er mined based on t a
maximum deceleration during entry. Threank maneuversare modeled, followed by a heading alignment phase
that targets the landing site. Transition to S&B/ mode(using the ADS engineglssumes a 5 second delay where
the HSRV reorients from the 55 dege entry angleof-attack to 180 degredse. — engine thrust aligned with the
velocity vector). During this transition and continuing until terminal landing, a vacuum condition is assumed, thus
no deceleration due to drag is accounted Ttre ADS engines are sized during this phase, targatimaximum
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deceleration of 2nlySmodeaeceldrategthesHSRVT fargeting R point 100 meters above the
landing site. At this point the horizontal velocity is nearly zero, but the vehicle is falling vertically. A two second
transition fromSRPto-ATLS engines is assumed. Once the SRP engines are off, the ATLS decelerates the HSRV
from about 50 m/s vertical velocity and lands at 2.5 m/s.

Figure9 illustrates a trend where both SieRly DV and deorbit DV increase as ballisticoefficient increases.
Based on these curves, the design allocation for&@RPDV is 575 m/s, while the derbit DV allocated for sizing
is 210 m/s. In addition, Taband 6includestheDV > s  aetl fbr@theamianeuveevents used in the sizing.

HSRVI Mars Cargo and Crevizing

Sizing of the HSRYV is performed usinipe Exploration Architecture Model for 48pace and Earito-Orbit
(EXAMINE), a NASALangley developed frameworlsed for conceptual level sizitig

Table 4 shows a breakdown of dry masses for thsizasl HSRVcargo and crew configurations. The primary
difference between the cargo and crew dry mass is that the crew does not require a 400 kegeqdapteby the
cargo configuration to suppoft¢ 20 mt payload

Tables5 and6 breakdown the mission events, highlighting the propellant mass usage over the mission profile for
both cargo and crew configuratiorheDV * s s hkalslas 5 and @re based on the ascent and EDL reference
trajectory peformance discussed above.

Table 7 summarizes the vehicle statastent and entry conditions, highlighting the itamt inventory for the
variows propulsionsubsystemsor both the cargo and crew configuratiohs.addition to drawing attention to the
propellant inventories for the ADS and ATLS, Table 7 shows a breakdown of the abort separation for both the crew
ascent and entry states. Included in the alegeration mass is the predicted dry mass of the nose section, the cargo
that is separated alomgth the nose, the unusable propellant in the ATLS tanks, and the amount of usable propellant
in the ATLS tanks that is used to support the abort scenarios.

An importantdifferencebetweenthe cargo and crewasesare that thecargoascent propellant rekials are
vented once the HSRV reaches the LMO ndwle forthe crew configuration the ascent residuals are scavenged and
pumped to the ATLS tanks. Ehenables the maximum amount of propellant in the ATLS tanks for entry. These
propellants are used nomailly for terminal landing and payload positioning, as previously discussed. However, in a
contingency these propellants are available for use in an abort situation,adithieio-orbit (ATO) or abortto-
surface ATS). During ascentl.3 km/s is availalel to support ascent AT@r ATS, while during entry ovet.0 km/s
is available for entry ATO or ATS.

HSRVI Mars CrewCapsuleSizing

Fortrajectorydesign purposes allocated masses include 5 mt for the capsule, 0.5 mt for the crew, and 0.25 mt for
sampleq(used only for ascent abort scenarios). Functional subsystems required for the lcapisalslity include
primaty structure,jngress and egress hatchagressurized tunneECLSSand crew provisions to support 4 crew
for 3 days crew seatsa TCS acquing and rejecting crew and avionics waste heantingency batteries that are
used only when the capsule sepadtem the nose section in abort situatipaad the avionis and crew control
systems. Recovery systems, packaged external to the capsule i@Mide a 10 meter HIAD and deployment
system, a 20 meter diameter supersonic parachute and deployment system, sqidpatsion rockets, and either
an airbag or crushable material for absorbing the landing loads. In addition, TPS coveringdheddepAD and
capsule nose cap are required.

Contingency Ascent AboBtapabilities

Four ascent aborscenarios were examined: 1) ATS targetingeturn to exploration zoneRTEZ) using the
ATLS propulsion systeronly; 2) ATS targeting th&@TEZ using thecapsule aeroentry and landing systems; 3) ATS
targeting a common downrange locatipproximately 500 kneastof the launch siteising the capsule aeroentry
and landing capabilitiesand 4) ATOusing the ATLS propulsion capabilities onlfigure 10 illustrates the
approximaterajectory times each of these abort scenarios are possible reldtigertominal ascent trajectory.

Contingency EDL Abort Capabilities

As shown in Figurell, five entry abort scenarios were examined: 1) ATO using the ATLS propulsio
capabilities only; 2) ATO minimal safe orbit, defined as 150 km circular, using the ATLS propulsion capabilities
only; 3) ATStargeting the RTEZ using the capsule aeroentry and landing systems; 4) ATS targetingZhesRgE
the capsule parachute anading systems only (i.e- no HIAD deployment required); and 5) ATS targeting the
RTEZ using only the nose section propulsive capabilities.
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B. HSRV —Lunar

This section discusses the nominal and abort performance for the HSRV supporiimgatheargo andrew
configurations The HSRYV is delivered ttranslunar insertion TLI) by the SLS. Since the SLS payload delivery
capability to TLI is approximately 45 mt, the HSRV ascent tanks are empty and the descent and ATLS tanks are
partially loaded with enoughrppellant forlunar orbit insertion {OIl) and rendezvous witthe DSG. Once at the
DSG theoperations concept supportihgar missions follows that illustrated in Figure

Nominal Performanc®ata

Performance requirements neededdeterminingthe HRV propellant requirements to supptrbhar missions
are derived from various sources.

With the DSG is located in a NRHG@he LOI DV of 429 m/s includes a 178 milsnar flyby burn, a 251 m/s
insertion burn, andssumes theotal TLI-to-NRHO trarsfer timeis 5 days Orbit transfer between the DSG and
LLO is 730 m/s assuming®5 day transféf.

Terminal descent and landing (TDftpm the 100 km circulakLO begins with a d@rbit burn that targets a 15
km by 100 km initial descent transfer ortdiollowing coastthe ADS enginegestats for the braking phasethat
steers the vehicle toward the landing site. The engines continue to operate througiup pitake that reorients the
vehicle for visibility, followed by an approach phase where the vehicletaiasna constant altitud&@DL ends with
the terminalandingphasewhere the vehicle desadsslowly to the landing site. During this final phase, additional
performance is allocated to enable vehiclelesignation to avoidbstaclesduring landing®. To support sizing, a
total DV allocated for TDL is 200m/s, with the final 50 m/s allocated to the ATLS enginageference trajectory
of the TDL, constructed in POST2, provides the basis for conductingmiedmort studies.

Likewise, a reference trajectory of thenarascents used to support ascent abort studiésee key phases are
used in the trajectory: launch, pitch over, and pitch control. The launch phase starts with liftoff and continues to rise
vertically until 100 m. The vehicle then starts to pitch over and follavggavity turn. The pitch control phase
optimizes the pitch rates of threhicle to optimally targansertioninto lunarorbit!é. For sizing purposes, tatal DV
allocated for ascent is 2,000 ntfstincludes additional capabilities for phasing and rendezvous in LLO.

HSRVI Lunar Cargo and Crew Sizing

As shown in Table 8, ass saving$or the lunar configurationsrelative to the Mars configurations about 45
mt. This results from eliminatinghe TPS, fouADS enginesfeed systemsand associatesupport/thrust structuse
thebody flap and actuation systeand growth allowance for these subsystems.

Tables 9 and 10 breakdown the mission events, hightigltie propellant mass usage over the mission profile
for both cargo and crew configuratiorheDV’ s s hown in Tables 9 and 10 are
reference trajectory performance discussed above.

Table 11 summarizes the vehicle state at TLI (initial delivery of HSRV to the DSG), at the DSG prior to
propellant resupply, aunar descem and atlunar ascent. This table highlights the propellant inventory for the
various propulsion subsystems for both the cargo and crew configurations. In addition to drawing attention to the
propellant inventories for the ADS and ATLS, Table 11 showseakalown of the abort separation for both the
crewdescent andascentstates. Included in the abort separation mass is the predicted dry mass of the nose section,
the cargo that is separated along with the nose, the unusable propellant in the ATLShthttes amnount of usable
propellant in the ATLS tanks that is usedsupport the abort scenarios.

ContingencyDescentAbort Capabilities

As shown in Figureél2, two lunar descent abort scenarios were examined: 1) ATO using the ATLS propulsion
capabilities only; 2) ATStargeting the RTEZ using the ATLS propulsion capabilities only.

For the ATO scenario, the nose section separates and accelerates, targeting the 100 km circular LLO- The DSG
based HCRYV then departs the DSG to rendezvous with the crew imhti@eturn them to the DSG.

For the ATS scenario, the nose section separates and accelerates to target the EZ with a soft, propulsive landing

using the ATLS. The HCRV based at tl@ar site hops to the landing site tetrievethe crew and return theto
thelunarbase.

Contingency Ascent Abd@iapabilities
Figure13illustrates the twdunarascent abort scenarios: AT S targeting the RTEZ using the ATLS propulsion
capabilities only; and 2) ATO using the ATLS propulsion capabilities only.
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For theATS scenario, the nose section separates and accelerates to target the EZ with a soft, propulsive landing
using the ATLS. The HCRV based at thear site hops to the landing site tetrievethe crew and return them to
thelunarbase.

For the ATO scenaui the nose section separates and accelerates, targeting the 100 km circular LLO. The DSG
based HCRYV then departs the DSG to rendezvous with the creGirahd return them to the DSG.

V. Conclusiors

The HerculesTransportation Systeroonceptpresented in ib paperoffers a high degree dtinctionality and
operational flexibilityin support of bothlunar and Mars campaigns, providing a common, evolvable vehicle
architecture that initially supportsinar missions and ultimately suppolars missios with interplanetary and
Mars planetary transportation capabiliti€xtending the configuration design and philosophies of HSRV to the
interplanetary transportation systems, Mars orbital node and to supportusarigampaign is good application of
commonality, resulting in further risk reduction, affordability and sustainability.addition, te HSRV crewed
configurations offer a uniqueunprecedentedbort capabilityfor both the moon and Mar#és part of an evolvable
transportation architecture, this investinés key to enablinghe safe, affordable, and sustainable expansion of

human being’s beyond Ear t hcontimubus humanprésencdonManua t el y e st abl i
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Table 3. Engine Design Parameters

ADS Engines ATLS Engines RCS Thrusters
Number of Engines
Propellant 5- 0./CHs 8- Oo/CHs 12- O)/CH4
2.5 Eartl 6.0 Mars g’

Sizing Condition

Feed Type

Installation

Thrust per Engine

Chamber Pressur¢

Mixture Ratio

Area Ratio

Engine Thrusto-Weight
Vacuum Specific Impuls
Mars Surfae Specific Impulse
Design Specific Impuls
Engine Length

Engine Exit Diamete!l

Deceleration during SRF

PumpFed (Gas
Generator)

Vehicle Base

55,546Ibf (246.7kN)
2,000 psia (13.8 MPa)
3.5
100
100
364.7 sec
363.4 sec
360.0 sec
6.74ft (2.055m)
3.53ft (1.076 m)

18

during Abort

Pressurd-ed

Nose Section with 30
Cant Angle

13,409Ibf (59.7 kN)
400 psia (2.75 MPa)
3.0
75
100
353.9 sec
349.0 sec
302.3 sec
6.57 ft (2.00m)
3.42 ft (1.04m)

American Institute of Aeronautics and Astronautics

Entry Attitude Control

Pressurd-ed

Nose Section
4 —X thrusters
2 +Y thrusters
2-Y thrusters
2 +Z thrusters
2-Z thrusters

500 Ibf (2.2 kN)
400 psia (2.75 MPa)
3.0
200
25
365.6 sec
352.5 sec
330.0 sec
1.92 ft (0.58 m)
1.06 ft (0.32 m)
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Figure 8. Mars Ascent Performance.
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Figure 9. Mars EDL Performance.
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Table 4. Dry Mass Summary for HSRV — Mars Configurations.

Mass Summary Cargo Crew
Structures 6,101 5,701
Nose Section 1,642 1,642
Payload Section 979 579
Ascent Section 1,438 1,438
Descent Section 1,319 1,319
Secomlary Structure 461 461
Body Flap & Actuation 262 262
Thermal Protection 2,080 2,080
Landing Legs & Actuation 1,036 1,036
Ascent Propellant Tank 1,936 1,936
Descent Propellant Tanks 318 318
ADS Propellant Feed 474 474
ADS Engines 1,383 1,383
ATLS Propellant Tanks 725 725
ATLS Propellant Feed 543 543
ATLS Engines 511 511
RCS Thrusters 114 114
IVF Power Generation 209 209
Batteries 116 116
Power Management & Distribution 225 225
Avionics 300 300
Basic Dry Mass 16,082 15,682
Growth/Margin 3,216 3,216
Predicted Dry Mass 19,298 18,898
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Table 5. Event Mass Tracking for HSRV —Mars Cargo

| Initial Final Propellant Pavioad
Event sp, DV, nitia ina Mass, kg ayloal
sec m/s Mass, kg Mass, kg (1] Mass, kg

Ascent to 108250 km 360+330 4,181+10 161,152 47,573 113,579 0
U ADS + RCS ' ' ' '

Transfer to 25 500 km
. 360 925 47,573 46,213 1,360 0
U ADS

Transfer to 500 km Circ
. 360 55.4 46,213 45,028 1,185 0
U ADS

Orbit Maintenance & ck
. 330 25 45,028 44,223 805 0
U RCS

P Il R I N

roPe ant Resupply to Node --- -—- 44,223 35,151 9,072 0

U ADS

Orbit Maintenance & Undock
. 330 25 55,151 54,727 424 20,000
U RCS

Deorbit from 500 km Circ
. 330 210 54,727 51,269 3,439 20,000
U RCS

Entry ControlM

niry Lonfrolanetvers 330 30 51269 50,796 473 20,000

U RCS

Control for SRP Initiation
. 330 30 50,796 50,308 469 20,000
U RCS

Terminal Descent
. 360 575 50,308 42,747 7,561 20,000
U ADS

Terminal Transition
. 360 +302.3 50+ 10 42,747 42,002 745 20,000
U ADS + ATLS

Terminal Landing
N 302.3 40 42,002 41,436 563 20,000
U ATLS

[1] Propellant mass includes power consumables and vented propellants.
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Table 6. Event Mass Tracking for HSRV — Mars Crew
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| Initial Final Propellant Pavioad
Event sp, DV, nitia inal Mass, kg ayloal
sec m/s Mass, kg Mass, kg (1] Mass, kg

Ascent to 108250 km 360+ 330 4,186+ 10 162,819 48,013 114,806 5750
U ADS + RCS ' ' ' ' '

Transfer to 25 500 km
. 360 92.5 48,013 46,641 1,372 5,750
u ADS

Transfer to 50&km Circ
N 360 55.4 46,641 45,448 1,193 5,750
u ADS

Orbit Maintenance & Dock
. 330 25 45,448 44,390 1,058 5,750
U RCS

P llant R ly to Nod

ropeflant Resupply fo Node 44300 40192 4,198 5,500

u ADS

Orbit Maintenance & Undock
~ 330 25 40,192 39,882 309 5,500
U RCS

Deorbit from ®0 km Circ
. 330 210 39,882 37,358 2,525 5,500
U RCS

Entry ControlManeuvers
y 330 30 37,358 37,013 345 5,500
U RCS

Control for SRP Initiation
- 330 30 37,013 36,652 361 5,500
U RCS

Terminal Descent
. 360 575 36,652 31,143 5,509 5,500
U ADS

T inal T iti

ermina’ fransiton 360 +3023 50+10 31,143 30,601 543 5,500

U ADS +ATLS

Terminal Landing
N 302.3 40 30,601 30,190 410 5,500
U ATLS

[1] Propellant mass includes power consumables and vented propellants.
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HSRV-Cargo HSRV-Crew
Propellant Mass Inventoty, kg
Ascent Entry Ascent Entry
Predicted 19,298 19,298 18,898 18,898
Ascent Tanks 121,714 0 121,714 3,651
CHs 27,048 0 27,048 811
Usable 24,855 0 24,855 0
Node Resupply 1,111 0 1,111 0
Reserves 270 0 270 0
Residuals 811 0 811 811
Oz 94,667 0 94,667 2,840
Usable 86,991 0 86,991 0
Node Resupply 3,889 0 3,889 0
Reserves 947 0 947 0
Residuals 2,840 0 2,840 2,840
Descent Tanks 10,501 9,165 8,286 6,949
CHy 3,020 2,129 2,528 1,637
Usable 1,814 1,814 1,322 1,322
Reserves 60 60 60 60
Residuals 91 91 91 91
Tank Pressurant 139 139 139 139
Power Cosumables 917 25 917 25
O, 7,481 7,036 5,758 5,312
Usable 6,349 6,349 4,625 4,625
Reserves 150 150 15 150
Residuals 224 224 224 224
Tank Pressurant 300 300 300 300
Power Consumables 458 13 458 13
ATLS Tanks 9,638 2,807 8,171 2,359
CH, 2,433 725 2,066 613
Usable 2,120 412 1,753 300
Reserves 49 49 49 49
Residuals 73 73 73 73
Pressurant 191 191 191 191
O, 7,205 2,082 6,105 1,746
Usable 6,360 1,237 5,260 901
Reserves 144 144 144 144
Residuals 216 216 216 216
Pressurant 485 485 485 485
Propellant Mass 141,854 11,971 138,171 12,959
Stage Mass 161,152 31,269 157,069 31,858
Usable Propellant Mass 133,488 9,811 129,805 7,148
Inert Mass 27,663 21,458 27,263 24,709
Payload 0 20,000 5,750 5,500
Gross Mass 161,152 51,269 162,819 37,358
Abort Separation Mass n/a n/a 19,930 17,520
Nose Section Predicted 6,010 6,010
Separated Cargo 5,750 5,500
ATLS Unusable Propellant 965 965
ATLS Usable Propellant 7,206 5,045
Abort DV Available, m/s n/a n/a 1,330 1,007
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Figure 10. Mars AscentAbort Capability
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Figure 11. Mars EDL Abort Capability
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Table 8. Dry Mass Summary for HSRV- Lunar Configurations.

Mass Summary Cargo Crew
Structures 5,488 5,088
Nose Section 1,642 1,642
Payload Section 979 579
Ascent Section 1,438 1,438
Descent Section 968 968
Secondary Structure 461 461
Body Flap & Actuation 0 0
Thermal Protection 0 0
Landing Legs & Actuation 1,036 1,036
Ascent Popellant Tank 1,936 1,936
Descent Propellant Tanks 318 318
ADS Propellant Feed 418 418
ADS Engines 277 277
ATLS Propellant Tanks 725 725
ATLS Propellant Feed 543 543
ATLS Engines 511 511
RCS Thrusters 114 114
IVF Power Generation 209 209
Batteries 116 116
Power Management & Distribution 225 225
Avionics 300 300
Basic Dry Mass 12,227 11,827
Growth/Margin 2,445 2,445
Predicted Dry Mass 14,672 14,272

25

American Institute of Aeronautics and Astronautics



Downloaded by NASA LANGLEY RESEARCH CENTRE on October 20, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2017-5288

Table 9. Event Mass Tracking for HSRV — Lunar Cargo

Event Isp, DV, Initial Final Propellant  Payload
sec m/s Mass, kg Mass, kg Mass, kg Mass, kg
Earth-to-DSGMCC
. 330 30 45,000 44,585 415 20,000
U0 RCS
DSGlInsertion
N 360 429 44,585 39,483 5,102 20,000
u ADS
DSGRPOD
. 330 30 39,483 39,119 364 20,000
U0 RCS
HSRYV Propellant Resupp@® DSG 39,119 165,522 -126,403 20,000
DSGto-LLO T f
=10 ranster 360+330 730 +5 165522 134,347 31,175 20,000
U ADS + RCS
LLO-to-Lunar Surf
-to-Lunar SurfacerbL 360+330+ 2150+5 14,347 50617 63,731 20,000
i ADS + RCS + ATLS 302.5 + 50
Lunar Surfaceto-LLO As@nt
. 360+330 2,000+5 50,617 28,647 21,970 0
U ADS + RCS
LLO-to-DSG Transfer
. 360 + 330 730 +5 28,647 23,252 5,395 0
U ADS + RCS
DSG RPOD
. 330 30 23,252 23,037 215 0
U RCS
HSRV Propellant Resupp® DSG --- --- 23,037 165,522 -122,485 20,000
DSG+to-LLO Transfer
. 360 + 330 730 +5 165,522 134,347 31,175 20,000
U ADS + RCS
LLO-to-Lunar Surf TDL
-lo-Lunar suriace 360+330+ 2150+5 14,347 50617 63,731 20,000
U ADS + RCS + ATLS 302.5 + 50
Lunar Surfaceto-LLO Ascent
N 360+330 2,000+5 50,617 28,647 21,970 0
U ADS + RCS
LLO-to-DSG Transfer
-~ 360 + 330 730 +5 28,647 23,252 5,395 0
U ADS + RCS
DSG RPOD
. 330 30 23,252 23,037 215 0
U RCS
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Table 10. Event Mass Tracking for HSRV — Lunar Crew

Event Isp, DV, Initial Final Propellant  Payload
sec m/s Mass, kg Mass, kg Mass, kg Mass, kg
Earth-to-DSG MCC
. 330 30 45,000 44,585 415 5,000
U0 RCS
DSG Insertion
i 360 429 44,585 39,483 5,102 5,000
u ADS
DSG RPOD
. 330 30 39,483 39,119 364 5,000
U0 RCS
HSRYV Propellant Resupply @ DS 39,119 145,610 -105,991 5,000
DSGto-LLO T f
10 ranster 360+330 730 +5 145610 118,186 27,424 5,500
U ADS + RCS
LLO-to-L
-to-Lunar Surface TDL 360+330+ 2150+5 115186 62,372 56,064 5,500
Ui ADS + RCS + ATLS 302.5 +50
Lunar Surfaceto-LLO Ascent
. 360+330 2,000+5 62,372 35,300 27,072 5,750
U ADS + RCS
LLO-to-DSG T f
1o ranster 360+330 730 +5 35300 28,651 6,648 5750
U ADS + RCS
DSG RPOD
. 330 30 28,651 28,387 264 5,750
U RCS
HSRV Propellant Resupply @ DS --- --- 27,637 145,610 -117,473 5,000
DSGto-LLO Transfer
. 360 + 330 730 +5 145610 118,186 27,424 5,500
U ADS + RCS
LLO-to-Lunar Surf TDL
-lo-Lunar suriace 360+330+ 2150+5 115186 62,372 56,064 5,500
U ADS + RCS + ATLS 302.5 + 50
Lunar Surfaceto-LLO Ascent
N 360+330 2,000+5 62,372 35,300 27,072 5,750
U ADS + RCS
LLO-to-DSG Transfer
-~ 360 + 330 730 +5 35,300 28,651 6,648 5,750
U ADS + RCS
DSG RPOD
. 330 30 28,651 18,223 264 5,750
U RCS
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Table 11. Propellant inventory forLunar HSRV.

Propellant Mass HSRV-Cargo HSRV-Crew
Inventory, kg TLI Node R/S Descent  Ascent TLI Node R/S Descent  Ascent
Predicted 14,672 14,672 14,672 14,672 14,272 14,272 14,272 14,272
Ascent Tanks 0 110,711 79,791 18,515 5,589 105,699 78,275 22,211
CHa 0 24,602 17,731 4,114 1,242 23,253 17,159 4,700
Usable 0 23,520 16,650 3,033 160 22,171 16,077 3,618
Node Resupply 0 0 0 0 0 0 0 0
Reserves 0 270 270 270 270 270 270 270
Residuals 0 811 811 811 811 811 811 811
Oz 0 86,108 62,060 14,401 4,347 82,446 61,116 17,511
Usable 0 82,322 58,273 10,614 560 78,659 57,329 13,724
Node Resupply 0 0 0 0 0 0 0 0
Reserves 0 947 947 947 947 947 947 947
Residuals 0 2,840 2,840 2,840 2,840 2,840 2,840 2,840
Descent Tanks 7,440 10,501 10,501 10,501 10,501 10,501 10,501 10,501
CHs 2,340 3,020 3,020 3,020 3,020 3,020 3,020 3,020
Usable 1,134 1,814 1,814 1,814 1,814 1,814 1,814 1,814
Reserves 60 60 60 60 60 60 60 60
Residuals 91 91 91 91 91 91 91 91
Tank Pressurant 139 139 139 139 139 139 139 139
Power Consumables 917 917 917 917 917 917 917 917
0O 5,100 7,481 7,481 7,481 7,481 7,481 7,481 7,481
Usable 3,968 6,349 6,349 6,349 6,349 6,349 6,349 6,349
Reserves 150 150 150 150 150 150 150 150
Residuals 224 224 224 224 224 224 224 224
TankPressurant 300 300 300 300 300 300 300 300
Power Consumables 458 458 458 458 458 458 458 458
ATLS Tanks 2,888 9,638 9,383 6,929 9,638 9,638 9,638 9,638
CHs 745 2,433 2,369 1,755 2,433 2,433 2,433 2,433
Usable 433 2,120 2,056 1,443 2,120 2,120 2,120 2,120
Reserves 49 49 49 49 49 49 49 49
Residuals 73 73 73 73 73 73 73 73
Pressurant 191 191 191 191 191 191 191 191
0O 2,143 7,205 7,014 5,173 7,205 7,205 7,205 7,205
Usable 1,298 6,360 6,169 4328 6,360 6,360 6,360 6,360
Reserves 144 144 144 144 144 144 144 144
Residuals 216 216 216 216 216 216 216 216
Pressurant 485 485 485 485 485 485 485 485
Propellant Mass 10,328 130,522 99,675 35,945 25,728 125,838 98,414 42,350
Stage Mass 25,000 145,522 114,347 50,617 40,000 140,110 112,686 56,622
Usable Propellant Mass 6,832 122,485 91,310 27,580 17,363 117,473 90,049 33,985
Inert Mass 18,168 23,037 23,037 23,037 22,637 22,637 22,637 22,637
Payload 20,000 20,000 20,000 0 5,00 5,500 5,500 5,750
Gross Mass 45,000 165,522 134,347 50,617 45,000 145,610 118,186 62,372
Abort Separation Mass n/a n/a n/a n/a n/a n/a 20,553 20,803
Nose Section Predicted 5,415 5,415
Separated Cargo 5,500 5,750
ATLS Unusald Propellant 965 965
ATLS Usable Propellant 8,673 8,673
Abort DV Available, m/s n/a n/a n/a n/a n/a n/a 1,625 1,599
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Figure 12. Lunar DescentAbort Capability

ATS: RTEZ, ATLS 72195 |
P\ ——

T-0: T+18: T+154:
Pitch Profile

T+330:

Orbit
Insertion

Launch Gravity Turn

T+8:
Pitch Over

Figure 13. Lunar Ascent Abort Capability
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